Many animals have genetically determined left-right (LR) asymmetry of their internal organs. The midline structure of vertebrate embryos has important roles in LR asymmetric development both as the signaling center for LR asymmetry and as a barrier to inappropriate LR signaling across the midline. However, in invertebrates, the functions of the midline in LR asymmetric development are unknown. To elucidate these roles, we studied the involvement of single-minded (sim) in the LR asymmetry of the Drosophila embryonic gut, which develops in a stereotypic, asymmetric manner. sim encodes a bHLH/PAS transcription factor that is required for the development of the ventral midline structure. Here we report that sim was expressed in the midline of the foregut and hindgut primordia. The handedness of the embryonic gut was affected in sim mutant embryos and in embryos overexpressing sim. However, midline-derived events, which involve Slit/Robo and EGFr signaling and direct the development of the tissues adjacent to the midline, did not affect the laterality of this organ, suggesting a crucial role for the midline itself in LR asymmetry. In the sim mutants, the midline structures of the embryonic anal pad were deformed. The mis-expression of sim in the anal-pad primordium induced LR defects. We also found that different portions of the embryonic gut require sim functions at different times for normal LR asymmetry. Our results suggest that the midline structures are involved in the LR asymmetric development of the Drosophila embryonic gut.
Introduction
Many bilaterally symmetric animals have LR asymmetry of their internal organs. The LR asymmetrical structure is often invariable in each species, indicating that the LR axis is genetically determined. In vertebrates, various mutants that affect the LR patterning have established many of the mechanisms of the LR axis formation (Capdevila et al., 2000; Mercola and Levin, 2001 ). For example, in mice, the initial LR symmetry is broken by a directional extra-cellular flow (nodal flow) in the embryonic node (Nonaka et al., 1998; Okada et al., 1999) . The nodal flow is generated by the clockwise rotation of monocilia, called the nodal cilia (Okada et al., 1999) . The nodal cilia are found in various vertebrates, implying that their function in LR patterning is conserved among vertebrates (Essner et al., 2002) . On the other hand, it is also clear that there are evolutionarily diversified mechanisms of LR patterning, even among vertebrates (Mercola and Levin, 2001) .
In contrast, in invertebrates, only a small number of studies have been carried out on the mechanisms of LR development. Unlike in vertebrates, laterality becomes evident very early in the embryogenesis of protostomes. For example, in the nematode, handedness becomes evident between the four-cell and six-cell stages (Sulston et al., 1983) . Similarly, in most Molluscs, including the snail, handedness becomes apparent at the two-cell stage (Crampton, 1894; Shibazaki et al., 2004) . Therefore, in the formation of the LR axis in protostomes, the nodal flow model is probably inapplicable. Thus, it is likely that the initial cues for establishing the LR axis are different among phyla.
Drosophila melanogaster has several organs that develop with stereotypical LR asymmetry, including the gut, genitalia, testes, and adult brain (Á dám et al., 2003; Gleichauf, 1936; Hayashi et al., 2005; Hayashi and Murakami, 2001; Hozumi et al., 2006; Ligoxygakis et al., 2001; Miller, 1950; Pascual et al., 2004; Strasburger, 1932) . The LR asymmetry of some of these organs was reported more than 50 years ago (Gleichauf, 1936; Miller, 1950; Strasburger, 1932) . However, in contrast to the pivotal contributions by this species to other aspects of developmental biology, it has not been exploited to elucidate the mechanisms of LR patterning. In fact, until very recently, genetic analyses of LR asymmetric development had not even been conducted in Drosophila. Several mutants, including Myosin 31DF (Myo31DF) and fasciclin 2 (Fas2), that affect the laterality of some organs, have been identified (Á dám et al., 2003; Hozumi et al., 2006; Spéder et al., 2006) . In addition, Hayashi et al. demonstrated that forcing the anterior-posterior axis of the embryo to be reversed relative to that of the egg does not affect the laterality of the embryo, indicating that LR patterning takes place during embryogenesis (Hayashi et al., 2005) . However, despite these recent findings, the mechanisms of the LR asymmetric development in Drosophila remain largely unknown and unexplored.
In this study, we investigated the possible roles of the embryonic midline in the LR asymmetric development of the Drosophila embryonic gut. In vertebrates, the midline structures of the embryo, including the notochord and floor plate, have crucial roles in LR patterning (Danos and Yost, 1996; Dufort et al., 1998; Izraeli et al., 1999; King et al., 1998; Lohr et al., 1997; Melloy et al., 1998) . In the mouse, Lefty1 is expressed predominantly on the left side of the prospective floor plate (Meno et al., 1997) , and is proposed to act as, or to induce, the midline barrier that prevents side-specific factors from crossing the midline . Interestingly, it has been suggested that the Drosophila ventral midline cells resemble the cells of the vertebrate floor plate, which lies along the ventral midline of the spinal cord, since both tissues are important sources of developmental signals (Dickson, 2002; Jessell et al., 1989; Klämbt et al., 1991; Ruiz i Altaba et al., 2003) . Thus, even though the onset of LR patterning is expected to be different between vertebrates and protostomes, the ventral midline structures of Drosophila might also be involved in LR asymmetric development.
In Drosophila, several genes that are required for the specification and maintenance of the ventral midline cells have been identified Nambu et al., 1991; Thomas et al., 1988) . The single-minded (sim) gene encodes a basic helix-loop-helix (bHLH)/PAS domain transcription factor and functions as a master controller gene for the development of the midline cells (Nambu et al., 1991) . The ventral midline cells secrete Spitz, a ligand for EGF receptor (EGFr), which is required for the patterning of the central nervous system (CNS) and for specification of the dorsal medial cells, which are of mesodermal origin (Golembo et al., 1996; Lüer et al., 1997) . At this point, the ventral midline cells are composed of midline neurons and glial cells (Bossing and Technau, 1994; Crews et al., 1988) . Here, we studied the roles of sim in the LR asymmetric development of the embryonic gut to elucidate the involvement of the embryonic midline in Drosophila LR development.
Results

sim mutant embryos show laterality defects in the developing embryonic gut
In vertebrates, the midline structures play crucial roles in LR asymmetric development (Danos and Yost, 1996; Dufort et al., 1998; Izraeli et al., 1999; King et al., 1998; Lohr et al., 1997; Melloy et al., 1998) . Given that the Drosophila embryo also develops a distinct ventral midline structure before the formation of LR asymmetric structures Klämbt et al., 1991; Thomas et al., 1988) , we speculated that mutations in the genes that are required for midline formation might affect laterality in this species. First, we studied the LR asymmetric development of the Drosophila embryonic gut in sim mutant, which affects the fate of midline cells and the subsequent midline development Klämbt et al., 1991; Nambu et al., 1991; Thomas et al., 1988) .
The LR asymmetric structure of the gut in the wild-type embryo is highly stereotypic (Fig. 1A , B, and D), and spontaneous reversal of its handedness is very rare (Table 1) (Hayashi and Murakami, 2001) . In contrast, sim H9 /sim H9 mutant embryos showed various laterality defects ( Fig. 1C , E, and F). For example, the hindgut curved to the left in some sim mutant embryos, although it curves to the right in wild-type animals ( Fig. 1B and C) . We found laterality defects in the sim mutants occurred independently in all four parts of the embryonic gut. Therefore, in this study, we refer to these four parts as the esophagus (ES), most-anterior midgut (MAM) (the proventriculus and the first chamber of the midgut), main midgut (MM), and hindgut (HG) (Fig. 1A) . sim
H9
/sim H9 mutant embryos showed laterality defects in ES, MAM, MM, and HG at 15.0%, 24.7%, 20.2%, and 25.7%, respectively (Table 1) , and 42.2% of these mutant embryos showed at least one of the laterality defects. For example, in Fig. 1E , the laterality of ES, MAM, and MM was reversed. However, in Fig. 1F , the laterality of only MAM and MM was reversed, and the ES loops in the normal direction. These results suggested that sim mutations affected LR patterning independently in the individual parts of the embryonic gut. Specific laterality defects were also observed in sim E320 /sim E320 , sim H9 /sim E320 , and sim
/Df(3R)ED5612 mutant embryos (Table 1 and data not shown). In addition to these laterality defects, a small proportion of these embryos showed deformation rather than laterality defects in the midgut ( Supplementary Fig. S1 ). These were scored as ''deformed'' in Tables 1-3 . Next, we studied the laterality defects in slit mutants. slit encodes a secreted ligand for the Roundabout (Robo) receptor (Kidd et al., 1999) . Slit is detected in the ventral midline cells after germ band extension (stage 10), which is later than Sim expression Rothberg et al., 1988; Rothberg et al., 1990; Thomas et al., 1988) . The expression of slit in the embryonic gut is also reported (Rothberg et al., 1988; Rothberg et al., 1990) . However, in contrast to the sim mutants, slit homozygous embryos did not show laterality defects (Table 2) . It is known that slit does not affect the differentiation of the midline cells, although it is required for midlinedirected axonogenesis (Sonnenfeld and Jacobs, 1994) . Thus, these results pointed to the midline as having putative roles in the LR asymmetric development of the embryonic gut.
The tissues neighboring the ventral midline cells are not responsible for LR asymmetry of the gut
The ventral midline cells are required for the pattern formation and fate determination of neighboring tissues: the ventral ectoderm, which gives rise to the CNS, and a subset of mesodermal cells dorsal to the midline cells (Kim and Crews, 1993; Lü er et al., 1997) . These mesodermal cells are called the ''dorsal median cells'' (Lü er et al., 1997) . The proper development of the ventral ectoderm and the dorsal median cells is controlled by the epidermal growth factor receptor (EGFr) signaling pathway, which is activated in these cells by Spitz, which is secreted by the ventral midline cells (Golembo et al., 1996; Lü er et al., 1997) . Thus, it is possible that defects in the tissues neighboring the ventral midline cells are responsible for the laterality defects in the sim mutant embryos. To address this issue, we examined the laterality defects in the mutant embryos of several spitz class genes: pointed (pnt), rhomboid (rho), spitz (spi), and Star (S). rho and S are required to convert the precursor of Spitz into its active form in the ventral midline cells, which is essential for the activation of EGFr signaling in the ventral ectoderm and dorsal median cells (Golembo et al., 1996; Lü er et al., 1997) . In contrast, the midline cells themselves do not require the EGFr signaling pathway for their early development (Golembo et al., 1996) . We found that the phenotypes of these spitz group gene mutants could not be attributed to the partial or complete inversion of LR asymmetry in the different parts of the gut, although the midgut morphology was strongly affected in the pnt and rho mutant embryos ( Fig. 2 and Supplementary Fig. S1 ). These results suggest that the defects in the development of the ventral ectoderm and dorsal median cells are not responsible for the abnormal LR development in sim mutant embryos, further supporting the hypothesis that the midline structures affect the LR asymmetric development of the embryonic gut.
2.3. Sim-expressing cells are formed in the ventral midline of the embryonic foregut and hindgut sim is expressed in the primordia of the foregut and hindgut during embryogenesis (Nambu et al., 1990) . Here, we determined the expression domain of sim in the embryonic foregut and hindgut anlagen, to elucidate the link between the sim function and the LR asymmetric development of these organs. The P[3.7sim/lacZ] line, in which lacZ is expressed under the control of a regulatory element of sim, is a useful marker for sim gene expression (Nambu et al., 1991) . The expression of lacZ was observed in the stomodeal opening (foregut anlage), posterior midgut, and proctodeum (hindgut anlage) in stage 8 embryos. Fig. 3A shows a lateral view of a stage 11 embryo of the P[3.7sim/lacZ] strain stained with an antibody against b-galactosidase. lacZ was expressed in the two rows of cells at the midline of the prospective foregut and hindgut epithelium ( Fig. 3B 0 , C, and D). Similar rows of lacZ-expressing cells were also found in the primordium of the posterior region of the midgut at this stage (Fig. 3B ). To confirm that sim is expressed in the epithelium of the foregut and hindgut primordia, we double stained the P[3.7sim/lacZ] embryos with the anti-b-galactosidase and anti-Fork head (Fkh) antibodies. fork head is specifically expressed in the epithelium of these promordia (Weigel et al., 1989) . We found that the lacZ-positive cells also expressed fork head, indicating that sim was expressed in the ectoderm of these organs ( Fig. 4A -A 00 , and B-B 00 ). In contrast, in the P[3.7sim/lacZ] embryos, lacZ expression was not detected in the visceral muscles or their precursors, which overlie the epithelial foregut and hindgut and express myosin heavy chain (Mhc) (Fig. 4C-C 00 , and D-D 00 ). In addition, in the midgut primordia, analyzed after being dissected out of the P[3.7sim/lacZ] embryos, the lacZ-positive cells were sur- Table 1 Frequency of laterality defects in wild-type and sim mutant embryos n Laterality defects Deformed a (%)
Reversed ( n, number of embryos. a Embryos showed deformation rather than laterality defects in their gut. rounded by the visceral mesoderm, which expresses Mhc, suggesting that sim was expressed in the endodermal midgut ( Fig. 4E -E 00 ). Midline cells that express sim delaminate from the neuroectodermal cell layer and translocate to their proper position within the CNS during stage 11 (Bossing and Technau, 1994; Thomas et al., 1988) ; we also observed this (bracket in Fig. 3C , and D). In the embryonic gut, however, we found that the cells expressing sim did not delaminate from the ectodermal cell layer (Fig. 3C , D, E-E 00 , and F-F 00 ) and remained among the epithelial cells of the gut, even after this organ began to show stereotypical LR asymmetry (data not shown). These sim-expressing cells also stained positive for an anti-Sim antibody (arrowhead in Fig. 3G and H). Therefore, as is the case in the ventral neuroectoderm, the ventral regions of the embryonic foregut and hindgut are composed of midline cells, which could be distinguished by their sim expression, although the behavior of these cells was different from that of their counterparts in the ventral neuroectoderm.
sim is required for normal epithelial morphogenesis in the anal pad
We demonstrated that sim was expressed in the two rows of cells in the ventral midline of the embryonic foregut and hindgut. Therefore, the LR defects in the sim mutant could be attributed to developmental abnormalities associated with the lack of sim function in these organs. We focused on the embryonic hindgut, because the genetic mechanisms of tissue-specification in this organ have been studied extensively and are well understood (Hoch and Pankratz, 1996; Iwaki et al., 2001; Iwaki and Lengyel, 2002; Lengyel and Iwaki, 2002; Murakami et al., 1999; Takashima and Murakami, 2001) . During gastrulation, the hindgut primordium invaginates, giving rise to the proctodeum (Campos-Ortega and Hartenstein, 1985) . The posterior end of the proctodeum, at the dorsal side of the embryo, expresses wingless (wg) starting at stage 10 (Takashima and ). In wild-type embryos, the posterior end of the proctodeum has a small cleavage at the midline (Fig. 3I ). This cleavage was not formed in sim mutant embryos (Fig. 3J) . On the other hand, this structure was properly formed in slit mutant embryos, in which LR asymmetry developed normally (data not shown; Table 2 ).
The developing Drosophila hindgut is subdivided into three domains along its anteroposterior axis, the small intestine, the large intestine and the rectum, and the orifice of the rectum is surrounded by the anal pad (Hoch and Pankratz, 1996; Iwaki et al., 2001; Takashima and Murakami, 2001) (Fig. 5A) . The large intestine is further subdivided into three domains along its DV axis, the dorsal domain of the large intestine, boundary cells, and the ventral domain of large intestine, which show distinct cell types (Fuss and Hoch, 2002; Hoch and Pankratz, 1996; Iwaki et al., 2001; Takashima and Murakami, 2001) (Fig. 5A ). Various markers can be used to distinguish these specific regions in the embryonic hindgut. We found that, at stage 15, the posterior hindgut, corresponding to the rectum, and the anal pad were narrower in sim mutant embryos than in wild-type embryos (Pielage et al., 2002) (Fig. 5B and H). This defect was observed in all the sim embryos examined. In addition, the diameter of the anal pad where wg was expressed was also reduced in all the sim mutant embryos tested, although the Wg protein was expressed at normal levels ( Fig. 5C and I) . Interestingly, the anal pad arises from the region in which defects associated with Table 3 Frequency of laterality defects in embryos mis-expressing sim n Laterality defects Deformed a (%)
Reversed ( n, number of embryos. a Embryos showed deformation rather than laterality defects in their gut. Fig. 2 . LR asymmetry of the embryonic gut is not affected by mutants of the spitz class genes. The laterality defects in the mutant embryos of several spitz class genes, pointed (pnt), rhomboid (rho), spitz (spi), and Star (S), and in the sim mutant and in wild-type embryos are shown as percentages. Laterality defects in the four parts of the embryonic gut, ES, MAM, MM, and HG were scored separately. The percentage of embryos with laterality defects and tissue deformation (deformed) are shown in black and gray, respectively. The number of embryos analyzed is shown at the top of each bar. the midline were observed in the sim mutant at stage 11 (Fig. 3J) . The anal pad wg expression is known to induce hedgehog (hh) in the rectum, located anterior to the anal pad (Takashima and Murakami, 2001 ). The expression of the Hh protein was also unaffected in the sim mutant embryos, although the diameter of the rectum in these mutants was reduced with full penetrance (Fig. 5D and J) .
To reveal the cellular basis for the narrowed diameter of the anal pad in the sim mutant, we studied the structure of this tissue in detail. The average number of cells in optical cross-sections of the anal pad was significantly lower in the sim mutant at stage 15; wild-type and sim embryos had 16.9 ± 1.2 (n = 7) and 12.5 ± 1.2 (n = 10) cells, respectively. In addition, we found that the epithelial architecture of the anal pad was deformed in the sim mutant. In wild-type embryos, cross-sections of the anal pad were elliptical, with a dorso-ventral elongation (Fig. 6A) . However, cross-sections of the sim mutant anal pad were circular, which could, at least in part, account for the reduced diameter of this tissue as seen from the lateral view (Fig. 6B ). Therefore, both the reduced cell number and the deformed structure of the anal pad contributed to its phenotype in the sim mutant. On the other hand, no developmental defect in other parts of the hindgut was detected, as judged by the expression of Delta (Dl), engrailed (en), and crumbs (crb) (Fig. 5K-M, compare with E-G). Because, except for the deformation of anal pad, which is probably owing to the defects of midline cells, tissue-specification and morphogenesis of the hindgut was normal, we speculated that defects of the midline cells were the likely cause of the LR defect in the sim mutants.
Temperature-shift experiments reveal that sim is required at distinct time periods for each region of the embryonic gut for appropriate development of LR asymmetry
To determine when sim is required for the development of LR asymmetry, we used the temperature-sensitive sim J1-47 allele (Pielage et al., 2002) . sim J1-47 /sim H9 embryos have a more severe axon pattern phenotype than does the sim J1-47 homozygote at the restrictive temperature (30°C), and the sim J1-47 /sim H9 phenotypes resemble those of an amorphic sim homozygote (Pielage et al., 2002) . Therefore, we used the sim J1-47 /sim H9 embryos for our temperature-shift experiments. Embryos were collected at the permissive temperature (17°C), and then cultured until a specific embryonic stage at the permissive temperature. Subsequently, the embryos were transferred to the restrictive temperature (30°C), where they were allowed to develop until stage 16 (Fig. 7A) , when the embryos were examined for LR defects in the ES, MAM, MM, and HG. The staging of the embryos at different developmental temperatures was based on data reported previously (Powsner, 1935) .
Control embryos cultured continuously at the permissive temperature until stage 16 showed normal LR asymmetry in all parts of the embryonic gut ( Fig. 7B and C) , although we did observe mild fusion of the commissural axon paths (data not shown). On the other hand, embryos continuously cultured at the restrictive temperature until stage 16 showed laterality defects in the all parts of the 
(E-E
00 ) The midgut primordium of a P[3.7sim/lacZ] embryo at stage 13 stained with anti-b-galactosidase (E, green) and anti-MHC (E 0 , magenta) antibodies. E 00 is the merged image of E and E 0 . Note that the lacZ-positive cells in the midgut were adjacent to the visceral mesoderm, which expressed Mhc. embryonic gut, although the frequency of these defects was lower than that seen in the homozygous sim H9 mutant embryos ( Fig. 7B and C) .
First, we performed up-shift experiments to determine the end of the time-period that sim function is required for appropriate LR development of the gut. Our temperature-shift experiments revealed that each part of the embryonic gut has a distinct phenocritical period. The normal handedness of the ES and HG depended on sim function until stage 8 (Fig. 7B) . Sim protein expression is first detected at stages 6-7 . In contrast, sim function was required until stage 14 for the normal laterality of the MAM and MM (Fig. 7B) .
Next, to determine the earliest time point that sim expression is required, we performed temperature-shift experiments from the restrictive to the permissive temperature (Fig. 7C) . These down-shift experiments showed that sim function was required before stage 8 for the laterality of all four parts of the gut. Therefore, the very early expression of sim, until stage 8, was essential for the appropriate LR asymmetric development of the ES and HG. On the other hand, the LR asymmetric development of MAM and MM depended on sim function from stages 6 to 14, although it is unknown whether sim is required constantly 
/sim
H9 embryos that were subjected to the temperature up-shift (17-30°C) at the time points indicated or kept at the permissive or restrictive temperature throughout the experiment. (C) Percentage of the laterality defects in sim J1-47 /sim H9 embryos that were subjected to the temperature down-shift (30-17°C) at the time points indicated, or kept at the permissive or restricted temperature without a shift. The temperature shift was performed at the stages shown at the bottom (B and C). The results obtained from embryos cultured continuously at 17 and 30°C are shown at the right, labeled 17 and 30°C, respectively (B and C). The laterality defects in the four parts of the embryonic gut, ES, MAM, MM, and HG were scored separately (B and C). The percentage of embryos with laterality defects and tissue deformation (deformed) are shown in black and gray, respectively (B and C). The number of embryos analyzed is shown at the top of each bar (B and C). or at several time points during this developmental period. However, it was difficult to define time points between stages 6 and 8 because the time interval between these stages is very short.
Mis-expression of sim results in LR randomization and abnormal differentiation of the hindgut tissues
We showed that sim is expressed in the ventral midline of the foregut and hindgut primordia. Therefore, we speculated that sim expression confers a specific identity on these midline cells that might make them responsible for the LR asymmetric development of the foregut and hindgut. To address this issue, we mis-expressed sim-GFP, which produces a fusion protein of Sim and GFP, driven by byn-GAL4, in the primordia of the hindgut and posterior midgut. Sim-GFP has a wild-type function in vivo (Estes et al., 2001) . Under these conditions, Sim-GFP protein was detected by anti-Sim antibody staining throughout the hindgut starting at stage 9 (Fig. 8A) . We found that the laterality of the MM and HG was randomized in these embryos (percentage of gut inversion: MM, 45.8% (n = 24); HG, 50.8% (n = 59)). Interestingly, the laterality of the MM and HG often coincided (data not shown). To determine what region of the hindgut is responsible for the induction of LR defects caused by the mis-expression of sim, we expressed sim in specific parts of this organ. The expression of sim in the anal pad under the control of wg-GAL4 was sufficient to disrupt the laterality of the hindgut (Table 3 ). In contrast, its mis-expression in the dorsal half of the large intestine, driven by en-GAL4, or in the small intestine and rectum, driven by NP6502, did not affect the laterality of this organ (Table 3) .
Next, we examined whether the mis-expression of sim affected tissue-specification in the hindgut. The mis-expression of sim-GFP driven by byn-GAL4 suppressed the expression of crb, en, and Dl in the large intestine of the hindgut (Fig. 8B, C, and D) . In wild-type embryos, en and Dl are expressed in the dorsal and ventral domains of the large intestine, respectively, and crb is expressed in the single row of boundary cells between these two domains (Fuss and Hoch, 2002; Iwaki and Lengyel, 2002; Takashima and Murakami, 2001; Tepass et al., 1990) . Our result suggests that sim suppresses the specification of the dorsal and ventral domains and of the boundary cells.
It was previously shown that the ectopic expression of sim results in the transformation of ventral ectodermal cells into CNS midline cells (Nambu et al., 1991) . We investigated the effect of sim mis-expression on the formation of midline cells in the hindgut. The midline cells can be visualized by the expression of lacZ in the P[3.7sim/lacZ] line. The mis-expression of sim-GFP driven by byn-GAL4 in this line caused an increased number of midline cells around the anal pad in all the cases examined ( Fig. 8E and F) . sim-GFP expression in the primordia of the anal pad was sufficient to induce the formation of these ectopic midline cells (data not shown), just as sim mis-expression in the anal pad was sufficient for the LR defect of the hindgut. This ectopic formation of midline cells deformed the anal-pad primordium (Fig. 8F) . However, excess midline cells did not form in the rest of the hindgut primordium (Fig. 8F 0 ), even though sim was expressed in the entire hindgut primordium (Fig. 8A) . Thus, sim probably requires other factor(s) to induce midline cell transformation. Alternatively, sim function may be inhibited in the hindgut, although sim can function around the presumptive anal pad.
Discussion
3.1. sim is required for the normal LR asymmetric development of the Drosophila embryonic gut
In this report, we showed that the LR asymmetric development of the embryonic gut was disrupted in sim mutant embryos in Drosophila. Based on our analyses, we propose two models that can account for the functions of sim in the LR asymmetric development in this organ. First, in the midline cells of the embryonic gut, Sim, a transcription factor, may directly or indirectly regulate the expression of genes that are required for the gut's LR asymmetric development. Second, the gut midline cells, whose normal formation depends on Sim, may play a critical role in the LR patterning of this organ. Currently, it is difficult to distinguish between these two possibilities. As regards these two models, however, we did find that two midline-derived events, which are downstream of Slit and EGFr signaling, were not involved in the LR asymmetric development of the embryonic gut, at least ruling out a role for their downstream genes in the LR patterning of this organ. We also found that the expression of Myo31DF was not affected in sim mutants (data not shown). Therefore, this gene is not a downstream target of sim either. We speculate that sim and some other genes play redundant roles in LR asymmetric development, because the laterality of each part of the embryonic gut was not randomized, even in a null mutant of sim.
We demonstrated that each part of the embryonic gut requires sim functions at a distinct period of embryonic development. Curiously, we found that the ES and HG required sim by stage 8. The sim transcript is first detected at stage 5, and the Sim protein is detected beginning at stage 6 by anti-Sim antibody staining Thomas et al., 1988) . This early expression of sim seems to be sufficient for the LR asymmetric development of these two organs. On the other hand, sim functions were required during stages 6-14 for the MAM and MM to develop LR asymmetry. However, we have not determined whether sim is required continuously or discontinuously during this period. Given that the inversion of laterality in each part of the embryonic gut was independent, sim function may also be required at different times by these different portions of the gut.
In sim mutants, the tubular structure of the anal pad is deformed, although other parts of the gut seem to develop normally, suggesting the involvement of this region in LR asymmetric development. This anal-pad defect is probably associated with the defect of the midline structure in the developing anal pad. Interestingly, the mis-expression of sim in the anal-pad primordium was sufficient to induce the LR defects in the midgut and hindgut and extra midline cells in the anal-pad primordium. These results support the idea that the midline cells in the anal pad play a crucial role in the LR asymmetric development in these two organs.
3.2. The expression of sim defines the midline as a distinct domain of the hindgut
The embryonic hindgut consists of several distinct epithelial domains (Hoch and Pankratz, 1996; Iwaki et al., 2001; Iwaki and Lengyel, 2002; Lengyel and Iwaki, 2002; Murakami et al., 1999; Takashima and Murakami, 2001) . The large intestine of the embryonic gut is composed of dorsal and ventral domains with a single row of the boundary cells between them (Hoch and Pankratz, 1996; Iwaki et al., 2001; Takashima and Murakami, 2001 ). Our results suggest that sim defines another specific region, which is the ventral midline region of the hindgut, in this organ. The mis-expression of sim in the hindgut primordium suppressed the expression of marker genes in the large intestine. Thus, sim seems to prevent the specification of the dorsal and ventral domains and of the boundary cells. However, under this condition, these epithelial cells did not transform into the midline cells: mis-expression of sim in the entire hindgut and anal-pad primordia induced extra midline cells only around the anal pad. Thus, sim expression seems to be sufficient to suppress the specification of the dorsal and ventral domains and of the boundary cells, but, in addition to Sim, some other factor is involved in the formation of extra midline cells.
Are the roles of the midline in LR patterning conserved evolutionarily?
In vertebrates, the Lefty proteins, which are divergent TGF-b superfamily ligands, are expressed in the midline structure (Cheng et al., 2000; Ishimaru et al., 2000; Meno et al., 1996; Thisse and Thisse, 1999) . In mice, Lefty1, expressed in the prospective floor plate (PFP), inhibits Nodal function, thereby providing a midline barrier that prevents the diffusion of asymmetric Nodal signals to the right side of the embryo . Interestingly, in many respects, the ventral midline cells of Drosophila are similar to the floor plate cells of vertebrates, as both cell types are important sources of developmental signals (Dickson, 2002; Jessell et al., 1989; Klämbt et al., 1991; Ruiz i Altaba et al., 2003) . Therefore, a downstream gene product of sim may function as a midline barrier in Drosophila LR development. However, orthologs of the vertebrate nodal and lefty genes do not seem to be present in Drosophila (reviewed by Boorman and Shimeld, 2002) . In vertebrates, Pitx2 is expressed in the left side of the embryo under the control of nodal and plays an essential role in LR asymmetric development (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Schweickert et al., 2000; St Amand et al., 1998; Yoshioka et al., 1998) . Although an ortholog of the Pitx gene has been identified in Drosophila, unlike in vertebrates, it is not expressed with LR asymmetry (Vorbruggen et al., 1997) . Furthermore, mutation of the Drosophila Pitx gene does not cause laterality defects (Vorbruggen et al., 1997) . In Drosophila, there is no report regarding LR asymmetric gene expression, so far, although we and another group revealed that myosin I family proteins and the actin cytoskeleton have a crucial role in the LR asymmetric development of the embryonic and adult internal organs (Hozumi et al., 2006; Spéder et al., 2006) . Because the involvement of actin-based motor proteins in LR asymmetric development is not known in vertebrates, the mechanisms of LR patterning may be different between vertebrates and invertebrates. Thus, even if the midline cells of Drosophila have roles equivalent to those of the vertebrate midline, the signaling molecules involved in the LR asymmetric development of Drosophila may be different from those used in vertebrates.
Experimental procedures
Fly stocks
We used Canton-S as the wild-type Drosophila strain. The following Drosophila stocks were kindly supplied by the Bloomington Stock Center: sim H9 (null allele) (Nambu et al., 1990; Thomas et al., 1988) ; sim E320 (Mehta and Bhat, 2001 ); pnt D88 (Scholz et al., 1993) , 1984) ; and Df(3R)ED5612, a deficiency uncovering the sim locus. sim J1-47 , a temperature-sensitive sim mutation, was kindly provided by C. Klämbt (Pielage et al., 2002) . A reporter strain harboring the P[3.7sim/lacZ] construct, which was kindly provided by S. Crews, was used to identify the ventral midline cells (Nambu et al., 1991) . For the mis-expression of sim, we employed the GAL4/UAS system (Brand and Perrimon, 1993) . The following GAL4 driver and UAS lines were used: byn-GAL4, driving GAL4 in the hindgut , wg-GAL4, driving GAL4 in the anal pad, en-GAL4, driving GAL4 in the dorsal large intestine, NP6502, driving GAL4 in the small intestine and rectum (provided by NP consortium) (Hayashi et al., 2002) , and UAS-sim-GFP, which was kindly provided by S. Crews (Estes et al., 2001) . The genotype of each embryo was determined using appropriate blue-balancers, such as CyO, P{en1}wg en11 , and TM3, ftz-lacZ.
Immunohistochemistry and microscopy
Eggs were collected for 16 h at 25°C on grape juice plates daubed with yeast paste. Embryos were staged on the basis of gut morphology and the degree of dorsal closure (Campos-Ortega and Hartenstein, 1985) . Antibody staining of Drosophila embryos was carried out as described previously (Ashburner, 1989) , using the Vectastain ABC kit from Vector Labs. The primary antibodies were: a mouse anti-Fasciclin III antibody (7G10; Developmental Studies Hybridoma Bank (DSHB, Iowa City, IA, USA), 1:100) (Patel et al., 1987) , a mouse anti-Wingless antibody (4D4; DSHB, 1:50) (Brook and Cohen, 1996) , a rabbit anti-Hedgehog antibody (kindly provided by T. Tabata, 1:1000), a mouse anti-Crumbs antibody (Cq4; DSHB, 1:200) (Tepass et al., 1990 ), a mouse anti-Engrailed/Invected antibody (4D9; DSHB, 1:25) (Patel et al., 1989) , a mouse anti-Delta antibody (C594.9B; DSHB, 1:200) (Qi et al., 1999) , a mouse anti-a-Spectrin antibody (3A9; DSHB, 1:25) (Dubreuil et al., 1987) , a guinea pig antiFork head antibody (kindly provided by P. Carrera and H. Jäckle, 1:1000), a rabbit anti-MHC (myosin heavy chain) antibody (kindly provided by D. Kiehart, 1:500), a mouse anti-b-galactosidase antibody (Promega, 1:1000), a rabbit anti-b-galactosidase antibody (Cappel, 1:500), and a mouse anti-Single-minded antibody (DSHB, 1:1). The staining was detected with a combination of appropriate biotin-conjugated secondary antibodies (Vector Labs, 1:250), ABC complex (Vectastain ABC kit), and diaminobenzidine. Occasionally, nickel chloride was included in the staining solution. In the case of fluorescent labeling, the staining was visualized using the following secondary antibodies: Cy3-conjugated anti-mouse IgG (Jackson ImmunoResearch, used at 1:500), Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch, 1:500), Cy3-conjugated anti-guinea pig IgG (Jackson ImmunoResearch, 1:500), Alexa 488 -conjugated anti-mouse IgG (Molecular Probes, 1:500), and Alexa
488
-conjugated anti-rabbit IgG (Molecular Probes, 1:500). Actin filaments were stained with rhodamine-phalloidin (Molecular Probes, 1:200) (Frydman and Spradling, 2001) .
Stained embryos were mounted in 90% glycerol and studied with an Axioskop2 plus or Zeiss Pascal microscope. The images were processed using the Zeiss LSM Image Browser and Adobe Photoshop Software.
Analysis of embryonic gut handedness
Mutant embryos were identified by the lack of blue-balancers after b-galactosidase staining. The handedness of the esophagus (ES), most-anterior midgut (MAM), main midgut (MM), and hindgut (HG) was scored at stages 14-16, stage 16, stage 16, and stages 13-16, respectively.
